Extracellular signals that can influence the fate of multipotent progenitor cells have been described in recent studies of the vertebrate nervous system, emphasizing the contribution of instructive mechanisms to the generation of cellular diversity.
The nervous system is made up of a variety of neuronal and glial cell types, which differentiate at characteristic times during development. There are two general strategies by which such cellular diversity could be generated: the selective survival and/or proliferation of phenotypically-restricted progenitor cells, or inductive cell-cell signaling involving multipotent progenitor cells. Multipotent progenitor cells are found in most germinal populations of the nervous system during development. Moreover, a small population of multipotent progenitor cells with the self-renewal capacity characteristic of stem cells has been identified in the developing nervous system, as well as in specific areas of the adult nervous system (reviewed in [1] ). The development of methods for propagating multipotent neural stem cells in vitro (reviewed in [1] ) has stimulated research on the identification of extracellular signals that can modulate their proliferation and their differentiation into specific types of cell. Much of this interest is related to the therapeutic potential of these signals in generating cells for transplantation or in mobilizing and directing the differentiation of endogenous populations of multipotent progenitor cells. (Fig. 1 ).
Instructive signals could influence lineage commitment at multiple stages, restricting the potential of progenitor cells or biasing the probability that they differentiate into specific types of neuron or glial cell, and different strategies could be employed at different times or in different regions of the nervous system [4] . Several signals that can influence the fate of multipotent progenitor cells have been identified in recent studies of the neural crest, which gives rise to the peripheral nervous system, and of the central nervous system (CNS) germinal zones, which give rise to the cortex, striatum or hippocampus (Fig. 2 ). In most of these studies, candidate signals have been tested in vitro using populations of multipotent stem cells expanded in culture with specific growth factors.
Clonal analysis in vitro has been used to show that three different peptide growth factors, bone morphogenetic protein-2 (BMP-2), transforming growth factor ␤-1 (TGF␤-1) and glial growth factor (GGF), can bias the probability of neural crest stem cells differentiating into neurons, smooth muscle cells or Schwann cells (a type of glial cell), respectively [5, 6] . In the absence of these signals, the neural crest cells differentiated spontaneously into all three types of cells, with varying probabilities and timing. In the presence of one or other signal, the differentiation of one cell type was favored at the expense of the others. Shah et al. [5, 6] showed that cell type was determined by an instructive mechanism, not as a result of selective effects on the survival or proliferation of subpopulations of phenotypically-restricted progenitor cells, or the selective survival of differentiated derivatives. In addition to affecting cell-type choice, the signals also affected other processes; for example, BMP-2 inhibited proliferation and accelerated the rate of neuronal differentiation. These studies also suggested that early-generated cells might serve as a source of inductive signals for cells generated subsequently.
Recent work from several other groups suggests that instructive signals also regulate lineage commitment of growth-factor-expanded cells from CNS germinal zones (Fig. 2) . Normally, progenitor cells in these regions generate a variety of neurons as well as two kinds of glial cells, astrocytes and oligodendrocytes. The cells used in these studies were expanded with either epidermal growth factor (EGF) [7] [8] [9] or with fibroblast growth factor (FGF) [8, 10] , and cells derived from either embryonic [7, 8, 10] or adult [8, 9] tissue were analyzed.
The peptide growth factors, bone morphogenetic protein-4 (BMP-4) [7] , ciliary neurotrophic factor (CNTF) [8] and leukemia inhibitory factor (LIF) [8] , were observed to promote an astrocyte fate, whereas platelet-derived growth factor (PDGF) [8] and the neurotrophins, brainderived neurotrophic factor (BDNF) [9] and neurotrophin-3 (NT-3) [10] , promoted neuronal fates. In addition, thyroid hormone was reported to promote the differentiation of oligodendrocytes from multipotent stem cells [9] . Barres et al. [11] had previously reported a role for thyroid hormone in timing the differentiation of oligodendrocytes from O-2A progenitor cells, which may represent a phenotypically-restricted intermediate progenitor population, suggesting that thyroid hormone may function at several stages of progenitor cell development and regulate both lineage commitment and the timing of differentiation.
As observed with neural crest cells [5, 6] , multipotent CNS progenitor cells differentiated spontaneously in the absence of the growth factor signals. Addition of signals biased differentiation to favor specific types of cell at the expense of others, though the contribution of selective survival or proliferation to the promotion of specific lineages was not addressed as directly in these studies as in the work on neural crest. Interestingly, differences in responses to some of these signals were observed when cells were expanded with EGF versus FGF. For example, whereas PDGF enhanced the specification of neurons approximately two-fold among FGF-expanded cells, little enhancement was observed among EGF-expanded cells [8] . Furthermore, the probability of differentiation into astrocytes in the absence of additional instructive signals was over seven-fold greater if cells were expanded with EGF rather than FGF [8] .
By using growth-factor-expanded populations, these studies have selected cells that are more homogeneous than normal populations of progenitor cells. It remains to be determined whether these signals will elicit similar responses from primary progenitor cells. Furthermore, while cells derived from both embryonic and adult CNS germinal zones are all multipotent, in that they can generate neurons, astrocytes and oligodendrocytes, there are indications that even multipotent progenitor cells may be heterogeneous in their probability of generating different types of cell. Whether these differences reflect random variation or are imposed by extracellular signals is not clear, but there is some indication that these kinds of differences may be associated with the growth factors used to expand progenitor cell populations in vitro [8] . This could reflect progenitor cell heterogeneity in responsiveness to different mitogens [12, 13] , or the mitogens themselves could impose a bias for the generation of specific types of cell.
In addition to the generation of cellular diversity, the normal development of the nervous system requires that different types of cell develop at specific times and in appropriate ratios. In some of the studies, there were indications that the instructive signals are pleiotropic and may also regulate cell number through effects on proliferation and/or survival. Temporal changes in the availability of inductive signals, as well as of antagonistic factors, have been suggested to contribute to the regulation of timing [7] . As mentioned above, some of the timing of signal availability could occur as a consequence of early-generated cells serving as a source of inductive signals for latergenerated cells [5, 6] . The competence of progenitor cells to respond to extracellular signals may also change during development, and contribute to the regulation of timing. This could involve the progressive loss of competence, though some studies indicate that competence to adopt certain fates may be acquired during development [14] .
These studies of cell-type diversification in the nervous system have identified some of the players in the process, and provided some clues about their mechanisms of action. The functions of these candidate signals can now be assessed using primary populations of progenitor cells under more physiological conditions. In most cases, the candidate signals and receptors are expressed at the appropriate times and places in vivo to have the functions suggestions by the in vitro studies. Moreover, in the case of CNTF/LIF, the phenotype of gene-knockout mice that lack receptor expression is consistent with the function suggested by in vitro analysis [15] . In addition to identifying signals that may specify cell type, recent research on environmental signals that regulate the behavior of adult progenitor cells suggests that signals generated or eliminated by injury, together with specific stimulatory factors, are required to mobilize stem cells from a quiescent state [16] . Perhaps the most important question concerning environmental regulation of stem cells, however, concerns the signals that initiate and maintain their quiescent state. This problem has received relatively little attention, but may hold the key to making mobilization of endogenous stem cells a feasible treatment of degenerative diseases of the nervous system.
